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INTRODUCTION 
For many years one of the chief interests of histologists concerned with the 
study of connective tissues, has been the relationship of the cells  to the colla- 
gen fibres and the various hypotheses which have been put forward have been 
summarised,  for  example,  by  Cameron  (3).  Detailed  morphological  studies 
have been made by Porter  (16)  on repair processes in connective tissue and 
by Fitton Jackson (9 and 10) on fibrogenesis in avian tissues in vivo. The con- 
cept  of Schmitt,  Gross,  and Highberger  (19)  has suggested that collagen fi- 
brils  have arisen  by the  aggregation of "tropocollagen"  units,  each unit of a 
molecular weight of about 300,000  (1). 
In the present investigation we have studied, by biochemical methods, the 
sequence of events that lead to  the formation of collagen fibrils in an active 
collagen-producing system, and related these events to the morphology of the 
developing tissue. 
Several  investigators have  described  tissue  cultures  in  which  some extra- 
cellular  material  was  formed,  e.g.  Maximow  (12),  Momigliano-Levi  (13), 
Porter (16),  Gerarde and Jones (6).  The last named authors made a  quantita- 
tive study of the synthesis of collagen by embryonic fowl lung and intestine 
in roller tube cultures; they obtained an 8-fold increase in the collagen content 
of lung tissue  (based on the estimation of hydroxyproline) cultivated for  12 
days in embryo extract.  For our requirements, however, this system had the 
disadvantages that the formation of collagen was slow and that an appreciable 
amount of preformed collagen was present in the original explants. 
To  investigate the formation of collagen protein,  it was  considered neces- 
sary to find a method of tissue culture which would satisfy the following con- 
ditions :-- 
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1.  The  cultures  should  consist  predominantly  of one  type  of collagen-form- 
ing cell which  was  capable  of differentiating  in  vitro,  and  whose  cytochemical 
properties  and  normal  form  of growth  were known. 
2.  All  extracellular  material  present  in  the  cultures  should  be  formed  in 
vitro,  i.e.  intact  tissue fragments  should  not be explanted. 
3.  There  should  be  no  fibrin  in  the  medium.  This  was  necessary  because 
many  of the amino  acids present  in large proportions  in  collagen,  e.g.  proline, 
also  occur  in fibrin  and  further,  the  structure  of fibrin  as  seen in  the electron 
microscope  is  closely similar  to  that  of immature  collagen;  thus,  if both  sub- 
stances  were present  it would  be  difficult  to  distinguish  between them. 
4.  There  should  be  a  sufficiently  quick  proliferation  of  tissue  to  provide 
adequate  material  for biochemical  analysis. 
To  fulfil  these  requirements,  suspensions  of  osteoblasts  obtained  directly 
from  the frontal  bones  of fowl embryos  were grown  in  a  fluid,  fibrin-free me- 
dium by a  method which is described in detail below. In these cultures,  growth 
was  associated  with  an  extensive  formation  of  collagen  precursor  and  subse- 
quently of collagen fibres,  and  the results  are recorded  in  this paper. 
EXPERIMENTAL 
A.  Bulk Culture Technique: 
1.  Culture Plates.--These were constructed  as follows:  a  circular hole 2.75  inches in  di- 
ameter was cut in a  piece of glass 3.25  inches square; this was sealed onto a  base plate 3.5 
inches square made of similar glass to that used for coverslips, by means of depex. This glass 
base plate formed the surface on which the cells were to grow. 
2.  Culture Medium. The medium consisted of a fluid exudate which was essentially similar 
to one devised by Fell (5),  and was prepared as follows.  The fluid was obtained from a clot 
composed of equal parts  of fowl plasma and  embryo extract; the extract was made with a 
glucose-rich Tyrode's solution from fowl embryos of 11 days. After the clot, which was con- 
tained in a centrifuge tube, had been incubated for at least a 1/~ hour at 38°C., it was cut up 
with scissors and then returned to the incubator for not less than an hour. The tube was sub- 
sequently centrifuged at 3,000  R.P.M. for at least 30 minutes; the supernatant  was then de- 
canted after which it was ready for use. Attempts to clot the medium by means of thrombin 
failed, indicating that  no fibrinogen was present. 
3.  Preparation  of Cell Suspensions.--Cell suspensions  were prepared  by a  modification of 
Moscona's technique  (14).  The cells were obtained  from the newly formed frontal bones of 
101/~ to 11 day old embryos; it was found that about 60 rudiments were required to supply 
enough  material  for each  experiment.  As  the  frontal  bones  were dissected  out,  they were 
placed in serum exudate which had been prepared as above and kept at 38°C.  When all the 
bones had been collected, they were cleaned, cut into very small pieces with sharp cataract 
knives, and washed twice in warm calcium and magnesium-free Tyrode's solution to remove 
extraneous  substances.  The  material  was  then  placed  in  0.01  per  cent  crystalline  trypsin 
(Armour) dissolved in the modified Tyrode's solution mentioned above. The tissue and sur- 
rounding trypsin solution were transferred by means of a wide mouthed pipette into a small 
round bottomed tube and incubated at 38°C. for 20 to 30 minutes. The tube was gently agi- 
tated  two or three times. It is believed that  calcium and  magnesium-free Tyrode's solution 
facilitates the breakdown of extracellular material. Moscona (14) has shown that when tissues SYLVIA FITTON  JACKSON AND  R.  H.  SMITH  899 
are incubated in trypsin solutions, cells become freed from each other, and Rinaldini (18) and 
Cailleau and Kirk (2) have confirmed his observations. In the present experiments, after the 
fragments of tissue had been incubated in the trypsin solution, a  suspension of round cells 
was formed. The cells were washed free of trypsin and separated from debris by placing them 
in Tyrode's solution, centrifuging, and then filtering them through a 200-mesh platinum grid. 
When inspected in the electron microscope, such cell suspensions were found to be virtually 
free of characteristic collagen  fibrils. It is interesting that in attempts to prepare similar sus- 
pensions of other fibrogenic tissue, such as tendon and cornea, it was found impossible ade- 
quately to separate the cells from extracellular material. 
4.  Culture  Methods.--After  being washed further in serum exudate,  the cells  were sus- 
pended in a small quantity of the culture medium. Each culture plate was inoculated with 
3 to 4 drops of suspension, which was then spread thinly over the flat glass surface; the dry 
weight of the cell suspension was approximately 0.1 mg. Nutrient medium (0.5 ml.) was added 
and the plate was covered by an inverted watch glass and sealed with paraffin wax. To en- 
able the cells to spread satisfactorily, the culture plates had to be perfectly horizontal in the 
incubator held at 38.5°C.  From 10 to 12 plates were prepared for each experiment. 
Rinaldini (18) has shown that when roller tube cultures were grown from cell suspensions 
obtained directly from embryonic tissue, it was advisable to subculture after a  2 day initial 
growth period so as to obtain maximum increase in cell number. As the stages in differentia- 
tion of collagen-forming cells and development of extracellular material were to be studied in 
the present experiments, disturbance of the tissue growth by subculturing was clearly not 
desirable. It was found that the cultures could be maintained satisfactorily for about 6 days 
provided that the old  medium was removed and fresh nutrient fluid  substituted when re- 
quired (i.e. about every 48 hours), but this method inevitably resulted in some mortality of 
cells after about 48 hours growth, probably owing to the excessively high density of the cell 
population. Fresh medium was warmed to 38.5°C. before being added to the cultures since it 
was important to alter the temperature of the cells as little as possible, otherwise they tended 
to retract from the glass. 
In some serial experiments used in the present investigation, 14C-(L)-proline  was also added 
to the nutrient medium so as to study the conversion of proline to hydroxyproline, and this 
aspect of these experiments will be reported in the second paper. 
B.  Methods for Studying the Morphology of the Cultures: 
1.  HistologicaL--The cultures were observed in the living state by means of phase contrast 
and polarised light. After fixation with cold absolute methyl alcohol, routine staining methods 
were used to investigate the degree of differentiation of the ffssues.  Cytochemical tests, for 
the demonstration of polysaccharide, protein, and enzyme activity, were made according to 
the procedures previously applied to cultures of explained frontal bone, tendon, and cornea. 
(8, 11). 
2.  Preparation  of Bulk Cultures for Electron Microscopy.--Two methods were used. 
(a)  The culture plates were covered by (0.3 per cent solution) formvar films, which were 
then sterilised by ultraviolet irradiation. The bulk  cultures were grown on these prepared 
plates in the usual way, and were fixed at various intervals during growth by means of os- 
mium tetroxide vapour after the medium had been washed off with warm Tyrode's solution. 
Areas chosen at random were stripped from the plate and mounted on electron microscope 
grids; this method was simi!ar to that used by Porter (17) for a different type of culture. The 
specimens were shadowed by palladium-gold alloy at an inclination of 15 °  . Cultures were also 
viewed after preparation by the usual teasing methods, when the cells had not been grown on 
films. 
(b)  Cultures were fixed in 1 per cent osmium tetroxide in Tyrode's solution held at pH 8.2 900  STUDIES  ON  BIOSYNTHESIS  OF  COLLAGEN.  I 
by the addition of more sodium bicarbonate (9); the specimens were subsequently embedded 
in methacrylate and thin sections were then prepared. All specimens were observed in either 
a  modified Metropolitan Vickers electron microscope type III, or in a Siemen's Elmiskop I. 
C. Analytical Procedures: 
1.  Harvesting of Cultures.--In five serial experiments, after the selected growth period, two 
culture plates were withdrawn from the incubator. The residual medium was carefully sucked 
off and replaced by a similar amount of ice cold Tyrode's solution. This process was repeated 
twice to free the cells from adhering medium; great care was necessary to avoid breaking the 
sheet of cells. Finally the tissue was scraped from the glass plate and transferred directly into 
a  small volume of Tyrode's solution, which was then mixed with an equal volume of 10 per 
cent trichloroacetic acid solution. The cultures were spun down and washed three times by 
resuspension in 5 per cent trichloroacetic acid, and were then suspended in an alcohol-ether 
(3:1)  mixture and spun down; this procedure also was repeated three times. The tissue was 
then dried to constant weight and weighed to 0.005 mg. on a  Sartorius microbalance. 
The  residual medium,  and  Tyrode's solution and  trichloroacetic acid  solution used  for 
washing the cultures were combined, The trichloroacetic acid was subsequently removed by 
extraction with ether and the residue was freeze-dried. 
In some dry weight  determinations  shown in Text-fig.  1,  the cultures,  after washing in 
Tyrode's  solution,  were  transferred  to  absolute  methyl  alcohol  and  finally  washed  with 
alcohol-ether, etc., as described above. 
2. Amino Acid Analysis.--The preparations were hydrolysed  by heating for 40 hours in 
6 N hydrochloric acid at 110°C.  in sealed tubes.  The hydrochloric acid was removed in vacuo 
and the hydrolysate dissolved in a  su'table volume of water. 
Two-way paper chromatography was done on aliquots of these hydrolysates with 30 )< 30 
cm. squares of Whatman No. 1 paper. Each sample was run in the first direction in a mixture 
of 60 per cent  v/v  ethanol, 20 per cent  v/v  tertiary  butanol, 5  per cent  v/v ammonia,  and 
15 per cent  v/v  water; in the second  direction in 80 per cent aqueous phenol in an HCN- 
ammonia atmosphere  (20).  The amino acids were visualised  by spraying the paper with a 
2 per cent solution of ninhydrin in ethanol. 
Proline and hydroxyproline were determined  on suitab~_e aliquots of the hydrolysate by 
the methods of Chinard (4) and of Neuman and Logan (15), respectively. Colorimetric meas- 
urements were made with the Hilger "Uvispec" spectrophotometer. 
RESULTS 
1.  Morphological  Observations: 
During  growth  of  the  cultures,  morphological  differentiation  of  the  tissue 
fell broadly into five stages. 
Stage  1.  The  viable cells from  the  suspension  settled  onto  the glass  surface 
of the culture plates about 4  hours after explantation and then spread out and 
mitosis  began.  Inspection  of  the  cultures  by  high  resolution  electron  micros- 
copy  failed  to  demonstrate  any  fibrils  or  filaments  between  the  osteoblasts, 
but  a  fine particulate  substance  was  apparent  in preparations  of whole  tissue 
cultures  (Fig.  1).  This  latter  substance  may  be  associated  with  the  high pro- 
tein  content  of  the  medium  and  may  mask  the  presence  of  other  fine  struc- 
tures;  in sectioned specimens of cultures,  the  density contrast  may be  too  low 
for very fine filaments of,  for instance,  about  15 A  diameter  to be seen. SYLVIA  FITTON  JACKSON  AND  R.  H.  SMITH  901 
Stage 2.  The cells continued to proliferate rapidly and formed a  fairly close 
network in which extremely long cytoplasmic processes of adjacent cells were 
intermingled. Electron micrographs often revealed between the cells the pres- 
ence of long fine fibrils which were less than 100 A wide and in which a  fairly 
regular periodicity of  70  to  80 A  was  occasionally resolved  (Fig.  2).  Larger 
areas of fibrous material  were also seen in association with the very thin pe- 
ripheral cytoplasm of the cells. 
Stage 3.  Mitosis continued fairly actively and very fine extracellular fibres, 
which  stained  blue  with  the  azan method  or  green  with  Pollak's  trichrome 
mixture,  appeared  between  the  osteoblasts.  Thus,  with  these  somewhat  un- 
specific methods,  the fibres stained like collagen in normal  tissues.  Examina- 
tion of the material in  the electron microscope showed a  network of well de- 
fined fibrils with an axial periodicity of 210 A and a  diameter of about 200 to 
300  A;  some  were  aggregated  into  small  groups  with  the  banding  of  the  fi- 
brils in register with each other. 
Stage  4.  In  histological preparations  the individual  collagen fibres had  en- 
larged and  formed small  bundles,  and most  of the  cells became enclosed by 
intercellular material.  The cultures often produced a  sheet of compact tissue 
which covered the whole area of the culture plate. On the other hand, in some 
cultures in which the initial growth was not so rapid,  the tissue formed a fairly 
dense network of cells and intercellular material rather than a  coherent sheet 
of  tissue. Degeneration of some of the cells was also observed. The electron 
microscope demonstrated the presence of characteristic collagen fibrils with  a 
periodicity of 640 A  with well defined intraperiod striations. 
Stage 5.  After more prolonged cultivation, the cells became arranged in two 
layers, the long axes of the cells of one layer being orientated nearly at right 
angles to those of the other layer. Intercellular bundles of collagen fibres were 
more abundant,  and observations with polarised light showed that they were 
orientated around  small  groups of cells in  a  manner  typical of early osteoid 
tissue.  In  some  cultures,  the  extracellular areas  stained  black  with  the yon 
Kossa silver staining  technique which indicated that calcification had begun. 
Similar staining  was occasionally obtained  in  cultures at  Stage 4.  Degenera- 
tive changes usually appeared after about 6  days' cultivation;  these changes 
occurred earlier if fresh medium had not been added regularly to the cultures 
during growth. 
If  cultures  fixed  in  basic  lead  acetate  were  treated  with  metachromatic 
stains,  the  intercellular  areas  exhibited  strong  metachromasia  from  Stages 
3  to  5;  these  regions  also  gave positive results  with  the periodic acid-Schiff 
technique  (P.A.S.).  These staining  reactions  suggest  the  presence of a  poly- 
saccharide. 
Observations on the living cultures and  cytochemical tests  confirmed that 
numerous granules were present in the cells and that the cytochemical proper- 902  STUDIES  ON  BIOSYNTHESIS  OF  COLLAGEN.  I 
ties of the osteoblasts in the bulk cultures resembled those of other collagen- 
producing  cells  grown  from  explanted  frontal  bone,  tendon,  and  cornea  (8 
and  11). 
In some experiments, portions of the same cultures were used for histologi- 
cal  and  electron microscopical examination as  well  as  for chemical  analyses 
(see Text-figs. 5 and 6). In the  15-hour cultures morphological differentiation 
corresponded roughly to  Stage  1.  Many of the living cells contained in  their 
cytoplasm  ovoid  bodies  of  low  optical  density  resembling  small  vacuoles; 
after  fixation,  the  peripheral  regions  of  the  bodies  stained  with  both 
the  P.A.S.  and  the  azan  techniques--the  ovoid  bodies  represent  an  earlier 
stage  in  the development of the  cytoplasmic granules.  Neither filaments nor 
fibrils  were  demonstrated  by  electron microscopy.  In  the  22-hour  cultures, 
which  roughly corresponded to  a  morphological stage  between  1  and  2,  the 
cells contained some ovoid bodies, as described above, and also some granules 
which  stained with both  P.A.S.  and  aniline blue.  Electron microscopy again 
failed  to  resolve filaments  or  fibrils  of any  type.  The  45-hour  cultures  had 
reached Stage 3; the cells contained many cytoplasmic granules which stained 
strongly with both the techniques mentioned above, and some very fine extra- 
cellular fibres were present.  Banded fibrils,  characteristic of immature  colla- 
gen,  were observed in  electron micrographs.  In  the  69-hour cultures  (about 
Stage  4  to  5)  a  two-layered sheet  of  compact  tissue  had  been  formed  and 
there were fewer cytoplasmic granules than in the 48-hour cultures. Electron 
microscopy demonstrated  well formed bundles  of collagen fibrils  in  which  a 
periodicity of 640 A was clearly distinguished. 
2. Analytical  Results: 
(a)  Paper  Chromatography.--The  two-way  paper  chromatograms  showed 
that all the amino acids that characterise collagen were present, with the ex- 
ception of hydroxylysine, which so far has not been identified on these chro- 
matograms.  Intense ninhydrin colours were given by the glycine and alanine 
spots, which is characteristic of collagenous proteins. In addition to the amino 
acids  of collagen, others,  such  as  cystine,  derived from  the  cellular proteins 
of the tissue, were also present. The colour of the glutamic acid spot obtained 
on chromatograms of these collagen-producing cultures was consistently very 
intense. 
(b)  Growth Curves.---Dry  weights  of  tissue  grown  for  different periods in 
vitro are shown in Text-fig. 1. There is a  considerable spread in the weights of 
tissue  harvested after  the  same  growth period,  but  the general  indication is 
that rapid growth occurred in the first 3 days, and was followed by a levelling 
off of the growth rate. 
Growth curves from five serial experiments are shown in Text-figs. 2  to 6. 
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3  days, the increase in weight being 7- to  15-fold; in some cultures, however, 
there was subsequently a  small  decrease in weight which was probably asso- 
ciated with some cellular degeneration. In the experiment shown in Text-fig. 
2 there were obvious signs of degeneration at 7 days and these were reflected 
by a  sharp fall in the dry weight. 
Mean values of dry weight of tissue grown for 1 to 4  days, calculated from 
figures obtained in the serial experiments, are given in Table I, and reflect the 
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rapid growth of the  cultures in the first 48 hours.  In two experiments  (Text- 
figs.  5  and 6), cultures were harvested after 15 hours growth. The dispropor- 
tionately high tissue weights may be associated with the fact that, because of 
the delicate nature of the cultures at this early stage, adequate washing with 
Tyrode's solution was not possible and some medium therefore remained with 
the tissue. This was reflected in the formation of a  fairly copious white pre- 
cipitate after the addition of the trichloroacetic acid. 
The mean hydroxyproline content of the cell suspension used for each cul- 
ture plate was 0.35 #g. Text-figs. 2 to 6 and Table I  show that the growth of 
the cultures, with a  tenfold increase in mean dry weight, was associated with 
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proline of the tissue.  In the experiments summarised in Text-figs. 2  to 6  this 
increase occurred during the period of rapid cell growth,  while the mean hy- 
droxyproline content per mg.  dry weight  of tissue  as  shown in Table I  was 
virtually  constant  after  24  hours.  Since  the  hydroxyproline remained  after 
prolonged washing  of the  tissue  with  trichloroacetic acid  solution,  it  is  con- SYLVIA  FITTON  ]'ACKSON  AND  R.  H.  SMITH  907 
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cluded  that  it  is  present  in  peptide linkage in  the collagen or collagen-pre- 
cursor molecule. 
The high  initial  protein-bound hydroxyproline contents  observed in  some 
tissues grown for short periods (e.g.  22 pg. in the 15-hour culture (Text-figs. 6 
and 6  a))  cannot  wholly be accounted for by contamination by the medium 908  STUDIES  ON  BIOSYNTHESIS  OF  COLLAGEN.  I 
(see  above),  since  0.5  ml.  of nutrient  used  at  the  beginning  of  the  culture 
contained 410/~g. proline,  but only 10/~g.  of hydroxyproline,  and  no  further 
medium was  added  before  these  cultures  were  harvested.  These  high  initial 
TABLE I 
Proline  and  IIydroxyproline  (Hypro)  Contents  of  Cultures 
Experiment 
Mean  hypro  content 
/~g./mg. dry wt. 
Mean  proline  content 
~g./mg. dry wt. 
Mean  dry wt.  per cul- 
ture plate mg. 
Ratio pro/hypro 
Collagen  equivalent 
Mean  per  cent  con- 
tent (calculated)* 
0 
btg.  per 
mg.  dry 
~t,S. 
Hypro 
2.0 
5.0 
3.5 
0.1 
Age of cultures, hrs. 
6 
~r rag. 
flog. 
Pro- 
line 
69.7 
77.1 
131.2 
70.8 
* Figure disregarded for the purpose of obtaining mean figures, since it is considered  that 
this amount (48.6) must represent an experimental error. 
Collagen precursor and/or collagen fibres. 
values  for hydroxyproline content  were  confirmed  by paper  chromatography 
of  aliquots  of  this  tissue  hydrolysate:  relatively  intense  orange-yellow  hy- 
droxyproline spots were obtained on spraying with ninhydrin. 
The  histograms  (Text-figs.  4  a,  5  a,  and  6  a),  corresponding to the experi- 
ments given in Text-figs. 4 to 6, show that the amount of hydroxyproline present 
in the medium plus washings from the cultures increased as the cultures grew. 
Table  I  shows the mean percentage  content of "collagen"  (collagen precur- 
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These values were calculated with the factor 7.46, obtained from the hydroxy- 
proline content of fowl collagen of  13.4  per  cent  (15).  The proline  contents 
given in Text-figs. 2  to 6  in general paralleled the dry weights of the tissues, 
and the ratios of mean proline to hydroxyproline contents for cultures of dif- 
ferent ages are given in Table I. 
DISCUSSION 
In the experiments described above, in which cell suspensions of fowl osteo- 
blasts were grown in tissue culture in a  fibrin-free medium, maximum growth 
of the tissue with formation of collagen protein was obtained in periods of up 
to 6  days.  A  wide spread of tissue weights was found at each growth period 
(Text-fig. I). The experimental conditions under which the cultureswere grown 
were kept  as  uniform as  possible,  but  a  number of biological factors,  which 
might preferentially influence growth, were impossible to control. Such factors 
include  the  percentage viability of  cell  preparations,  the  developmental age 
of the embryos, which varies in eggs incubated for the same period, and  the 
hormonal and  nutritional  status  of the bird  from which  the plasma  (used in 
the preparation of the serum exudate) was obtained. 
Three methods  for distinguishing  tissue  differentiation have  been  used  in 
these  studies:  (a)  Chemical:  the  formation  of  "bound"  hydroxyproline,  i.e. 
hydroxyproline not extractable by trichloroacetic acid and  therefore assumed 
to  be present  in  peptide  linkage.  (b)  Electron microscopy: the  formation of 
characteristic  collagen  fibrils.  (c)  Light  microscopy:  the  formation  of  fibre 
bundles demonstrated by polarised light or histological staining reactions. 
Our experiments have shown that in fowl osteoblasts grown in tissue culture 
there  was  a  net  increase  of protein  or  peptide-bound  hydroxyproline which 
appeared both in the washed tissue and in the combined tissue washings and 
residual  growth medium.  It  is  noteworthy that  appreciable amounts of pro- 
tein-bound hydroxyproline were formed during  the first 24 hours of growth, 
that is, during the period of most rapid cell proliferation, but electron micros- 
copy of portions of the same cultures showed that typical collagen fibrils were 
not present.  It is possible, however, that smaller units,  for example of about 
14 A  by 2200 A  to 2800 A, as visualised in solutions of collagen by Hall (7), 
may be present but have not been resolved in our specimens. The first distin- 
guishable fibrils were less than  100 A in diameter and showed an axial period 
of 70 to 80 A or 210 A; in some serial experiments these fibrils were observed 
in cultures fixed at 45 hours, and presumably must have been formed between 
the  22nd  and 45th hours of growth  (Text-figs. 5  and  6).  At  a  later  stage  of 
growth of the cultures, the banded fibrils increased in diameter and the typi- 
cal periodicity of 640 A was apparent; bundles of collagen fibrils could also be 
demonstrated by histological methods. This formation of fibrils of characteris- 
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hydroxyproline content of the tissue  (Table I).  It is therefore concluded that 
the  appearance  of a  hydroxyproline-rich collagen precursor precedes  that  of 
banded  fibrils,  and  that  fibril  formation  does  not  necessitate  a  marked  in- 
crease in the amount of hydroxyproline present. 
Table I  shows that the "collagen-equivalent" of the protein-bound hydroxy- 
proline,  calculated  as  described above,  is virtually constant at  about  13  per 
cent after periods of growth of 15 to 72 hours. It may be emphasized that in 
these experiments, analyses were made on the whole tissue  (i.e.  the cells and 
the extracellular fibre or fibre precursor); the values obtained for the content 
of protein-bound hydroxyproline include,  therefore, both  cellular and  extra- 
cellular material. 
In earlier papers by the present writers (8,  11),  it has been suggested that 
the cytoplasmic granules of collagen-producing cells were associated with the 
formation of intercellular material.  It  was  interesting,  therefore, that  in  the 
present experiments the cytoplasmic granules of the osteoblasts stained most 
intensely with  the P.A.S.  technique and with aniline blue when recognisable 
collagen fibrils were being formed  (i.e.  at  morphological  Stage 3).  At earlier 
stages many granules were present, but they were stained less intensely with 
these two methods. 
Previous  morphological  studies  on  the  development  of  tendon  (9)  have 
shown  that  collagen fibrils were formed chiefly outside,  but often in  associa- 
tion  with,  the  cell  boundaries;  quantitative  measurements  demonstrated 
that  the diameter of the collagen fibrils increased with age, and that this  en- 
largement  was  accompanied by a  reduction in  the relative amount of amor- 
phous  interfibrillar  material  which  invested  each  fibril.  Fitton  Jackson  (9) 
concluded that this material contained either collagen molecules or their pre- 
cursors. The simplest hypothesis to account for this and our present observa- 
tions is that collagen fibrils are formed by the synthesis and secretion by the 
cell  of  a  hydroxyproline-containing precursor  of  a  protein  or  large  peptide 
nature,  which itself has  no banded  structure in  the electron microscope, but 
which  subsequently  becomes  directly  transformed,  without  marked  change 
in hydroxyproline content, into banded fibrils which are later organised  into 
bundles.  Thus  the  amount  of hydroxyproline present  in  the  tissue  does not 
necessarily reflect the amount of collagen fibres that can be distinguished his- 
tologically. 
SUMMARY 
1.  A tissue culture method was devised in which suspensions of osteoblasts, 
obtained directly from frontal bones of fowl embryos, were grown in a  fluid, 
fibrin-free medium. 
2.  Maximum  growth  of  the  tissue,  as  measured  by  dry weight,  with  the 
formation of collagen protein, based on the estimation of hydroxyproline, was 
obtained in periods of up to 6 days. SYLVIA  FITTON  JACKSON  AND  R.  H.  SMITH  911 
3.  Appreciable  amounts  of  protein-bound  hydroxyproline  were  formed 
during the first 24 hour growth period, but electron microscopy of portions of 
the same cultures failed to demonstrate the presence of any typical collagen 
fibrils. 
4.  The  subsequent  formation  of  many  characteristic  collagen  fibrils  was 
not associated with a  significant rise  in the mean hydroxyproline content of 
the tissue. 
5.  The  cytoplasmic granules of the  osteoblasts stained  intensely with  the 
P.A.S. technique when the collagen fibrils were being formed. 
6.  It is  suggested that collagen-forming cells  synthesise and secrete  a  hy- 
droxyproline-rich precursor  of protein  or large peptide  nature,  which  subse- 
quently becomes directly transformed into typical collagen fibrils. 
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EXPLANATION OF PLATE 290 
FIG. 1.  Electron micrograph of a portion of a tissue culture fixed after 15 hours of 
growth. Part of the edge of an osteoblast is visible at the top of the micrograph. Note 
the complete absence of any distinguishable fibrils or filaments; this is a typical field 
of a culture of this age. A fine particulate substance is present as a background to the 
culture and may represent the protein content of the residual medium which was not 
removed by the washing of the culture prior to fixation. X  100,000. 
FIG. 2.  Electron micrograph of fibrils which have developed in a culture fixed after 
42 hours of growth. An axial periodicity of 70 to 80 A is visible in some of the fibrils 
(see arrows). These measurements were  recorded by means of a  microdensitometer. 
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